The average life span of Porous Asphalt (PA) in the Netherlands is currently 11 years. It is mainly determined by the moment that PA needs to be replaced due to an excessive degree of ravelling. Recently RHEI investigated the causes of premature failure (ravelling) in PA on two road sections. These investigations show that the life span of PA is largely determined by the quality of the construction materials used, especially that of the crushed rock and the manufacturing and laying thereof.
Introduction
The average life span of PA is currently 11 years [1, 2] . However, sometimes PA has a significantly shorter life. Two road sections on National Highways showing premature ravelling were extensively investigated. One section on the A 6 showed ravelling straight after it had been laid. Quartz Graywacke aggregate was used in this PA. Adjoining PA road sections, constructed using the same rock type, showed no signs of ravelling. Visual inspections revealed the presence of weak rock pieces on the surface of the PA, which could easily be crushed using a screwdriver. It was clear that part of the aggregate rock consisted of weathered material and weak rock types with low crushing resistance. Crushed rocks can break out of the PA surface. Moreover, crushed or broken rock grains allow penetration of water and salt, which enhances further ravelling. Because the stability of PA is obtained through the grain-to-grain contact of the stone skeleton, presence of weak rock pieces is unwanted. Furthermore, the contact stresses between the rock pieces are high as a result of the traffic load. For the life span presence of weak materials in the crushed rock is undesirable. The other road section on A 1 involves a left and right lane, laid by two different contractors, using the same specifications. Both PA mixtures consisted of various construction materials; only the crushed rock used was the same (Quartz Graywacke from the same source quarries as the A 6). A few years after laying the PA in 1994, the right lane and the hard shoulder started ravelling. As the left-hand lane showed virtually no signs of ravelling in 1999, it has been assumed that the primary cause of the ravelling should not be sought in the traffic load, but in differences in the manufacturing and laying process and the mixtures used. The PA of the left-hand lane was manufactured in a drum mixer and laid by contractor A. The right-hand lane and the hard shoulder were manufactured in a batch mixer and laid by contractor B.
Approach to the study
In the case of A 6 it was clear that the cause of the premature ravelling could be found in the rock quality. Therefore a petrographic and mineralogical study was conducted on the crushed rock recovered from the PA [3] . In aid of the lab research, drill cores were taken from the PA at various locations. In the case of the A 1 a comparative study was undertaken. First of all, the mix designs, asphaltmixing plant records, the quality controls of asphalt manufacturing and laying and the acceptance controls were analysed. In aid of the laboratory research, drill cores were taken from the then 5-year old surface of the left and right lane for research into the composition and the quality of the main materials used. Much attention was paid to the crushed rock aggregate. In addition the possible connection between segregation of bitumen and premature ravelling was investigated. All tests to determine the composition of PA and to determine the properties of the materials used were carried out conform the Dutch National Standard RAW 1995. To get an impression of the degree of drainage of the bitumen, drill cores were cut in half axially and both halves were examined as to their composition. A petrographic and mineralogical study was conducted on the crushed rock recovered from the PA [4] .
Results

Result of the study on the A 6
Six drill cores were taken from the PA road surface. One of the cores was used for reference and inspection. The crushing damage on the rock grains was greater on the surface than deeper under the surface. Brownish-red rock pieces were more damaged than grey-toned rock pieces. Fractures occurred parallel to and near the edges of the rock pieces and -in laminated rock types -parallel and perpendicular to the stratification. Extraction and sieving was applied to free the rock pieces for examination. The rock pieces from each drill core were divided into two batches for examination. One batch was sorted into two groups based on colour. The other batch was sorted into two groups based on weak and strong particles.
Petrography and mineralogy
Microscopic examination of thin sections of rock pieces from the aggregate provides information on texture and mineralogical composition of the rock. Detrimental textures, like hair cracks, point to potential weakness of the rock piece. Microscopic identification of minerals allows one to identify harmful minerals. Water-absorbing minerals, like some clay minerals, may swell and as a result cause fracturing. With the aid of a Methylene Blue solution it is possible to colour such minerals to make them visible under the microscope. Both their presence and their position in the rock give indications as to their potential harmfulness. Thin sections of rock pieces from drill cores 239 and 241 showed a high variation of rock types in the aggregate, namely claystone, shale, siltstone, sandstone and also carbonate rock. The sandstone is Graywacke, a type of sandstone that has a so-called 'immature' composition. It consists of a wide range of minerals, rock fragments and extremely fine-grained (clay-size) minerals. Table 1 summarizes the petrography of rock pieces examined from sample 239. Many are fine-grained rock types; true graywacke forms a minority. Claystone and shale are typically weak rock types not suitable for use in asphalt mixtures (definitely not in stone skeleton mixtures like PA). The following observations are relevant to the application in the PA road surface: 1) the rock pieces are generally quartz-rich (quartz is a hard mineral); 2) rock pieces contain a high percentage of clay and carbonate minerals (these are soft minerals); 3) the hardness contrast of quartz-clay is favourable for the polishing resistance if the hard minerals are embedded in a soft matrix, which is the case here with many rock pieces; 4) the clay minerals present can have a harmful effect, certainly if they belong to the group of swelling clay minerals; 5) the presence of iron hydroxide (which give the rock a red stain) points to weathering of rock and potential weakness.
The mineralogical examination was carried out to identify the average mineralogical composition from a representative mixed sample of aggregate grains ground to a powder. X-ray diffraction (XRD) was carried out. With this method it is not possible to make a distinction between the mica mineral muscovite and the clay mineral illite, which have an identical chemical composition and crystallography and differ only in grain size. Combining the bulk chemical composition of the powder obtained by X-ray fluorescence (XRF) analysis with the XRD results, allowed calculation of a normative mineralogical composition of the aggregate (table 2) . This estimated average mineralogical composition could be compared with the composition of the individual grains identified with the polarising microscope (table 1). The high quartz content and the amount of clay minerals (illite and chlorite) are striking. To get an impression of the activity of these clay minerals, the Methylene Blue Adsorption test (AFNOR) [5] was performed and the Cation Exchange Capacity (CEC) of the clay mineral fraction was calculated according to Verhoef & Van de Wall [6] . The CEC values for the bulk samples are between 1.7-1.9 meq/100g (table 3) . These values are generally considered acceptable for aggregate in road construction (table 4) . Assuming an amount of clay by volume (10, 20 and 30%), the CEC for the clay minerals can be calculated (table 3) . 
Results of the study on A 1 [7]
Both mix design studies met the requirements. Table 5 shows the compositions of both PA mixtures. In the Netherlands bitumen 70/10 and for durability reasons a middle sort filler containing at least 25% calcium hydroxide, Ca (OH) 2 , are prescribed for PA. The asphalt mixing plant records of PA laid by contractor B showed that during the manufacturing of the asphalt 37 batches had a temperature lower than 130°C (lowest temperature 102°C) and 104 batches had a temperature higher than 170°C (highest temperature 201°C). On checking the details of the PA temperatures of contractor A (left lane) it appeared that the production temperatures of PA were more constant, but on the high side. To examine the crushing resistance of the rocks, the quality control data were used. The average percentage of rock > 2 mm of the manufacturing quality control (MC) and the laying quality control (LC) were used ( Figure 1 ). The variation around the mean is given by twice the standard deviation. The acceptance control of 15 analysed drill cores of contractor A [8] showed that the following requirements were not met: bitumen content (too low in 1 case); voids (too low in 3 cases); grading (sub-standard in 11 cases) and degree of compaction (too low in 4 cases and higher than 102% in 6 cases). There was only a requirement of minimal degree of compaction ( 97%), but a compaction degree > 102% is excessive, resulting in crushing of rocks and initiation of ravelling. Analysis of 26 drill cores of contractor B showed that the following requirements were not met: layer thickness (12 cases); bitumen content (too low in 1 case and too high in 3 cases); grading (2 cases); degree of compaction (too low in 5 cases and higher than 102% in 15). The average degree of compaction was 102.8%. The quantitative composition of cores drilled 5 years after construction are summarised in table 6 [9] . The average composition as well as the composition of the top and bottom of 3 cores from each traffic lane was examined in order to get an impression of the segregation of bitumen, filler and sand. The homogeneity of the PA was examined by comparing the mean differences between the highest and lowest value on the 6 basic sieves. These were 5,1 for the left and 12,6 for the right lane. The difference in highest en lowest value of the bitumen content was 1.1% (left lane) and 3.2% (right lane). Extra attention was paid to the quality of the structural materials: rock, filler and bitumen. A petrography study on aggregate from the right-and left-hand lanes was conducted similar to the one described above for the A 6 [4] . Table 7 shows the results of crushing tests on the aggregate of the PA from right and left lane. Dutch static crushing test: for this test 0.5 dm 3 of the fraction 8/11 to be tested is subjected to a load that increases from 0 to 200 kN in 60 seconds, after which the maximum load is maintained during 30 seconds. After testing the material is sieved over sieve C4 The crushing resistance is defined as the amount of material passing this sieve, expressed as a mass percentage of the original weight of the specimen. The requirement was maximally 30%. The crushing resistance of the fraction of red/brown coloured rocks (assessed as bad in the petrography study) and the fraction of blue/grey rocks (assessed as good) was also determined. The Ca(OH) 2 contents of the recovered filler fraction < 63 µm of left and right lane were 8 and 3.5 mass %. The penetrations of the recovered bitumen from left and right lane PA were 28 and 21 10 -1 mm. 
Discussion and conclusions
Although, according to the proof of origin and the petrography study, the crushed rock applied in the two PA mixtures of the A 1 (and that used in the A 6) come from the same source area, examination shows that there is a clear difference between the crushed rock from the right and left lane. Although the crushed rock from the right lane is of a poorer quality than that from the left lane, the used set of tests and requirements do not recognise this. The current empirical tests and requirements for crushed rock were developed for asphalt mixes with a sand skeleton. Rock aggregate pieces in sand skeleton mixtures have no grain-to-grain contact, but float in the sand grain matrix. Contact stresses on the rock pieces in stone skeleton mixtures are much higher, especially during compaction. Weak rock may crush sooner under such conditions and cause ravelling or even rutting. Both the A6 section and the right hand lane of the A1 contained Graywacke aggregate with a significant amount of poor quality rocks (claystone, shale, weathered rock). To prevent these from being included in the aggregate requires good control of the production process. It is shown that aggregate containing a certain weak fraction can meet the crushing resistance standard (table 7) , even though the weak fraction itself does not. This means that the crushing test is not discriminating enough to detect weak rock fractions. The comparison of the asphalt mixing plant records shows that the PA for the left lane of the A 1 was generally manufactured at a constant asphalt temperature within the permissible limits. The PA for the right lane was irregularly manufactured at asphalt temperatures that were too low and too high. A link has been found between the irregular manufacturing temperature of the PA of the right lane and premature ravelling. If the manufacturing temperature of PA is too low, the asphalt is not mixed well and heavier compaction is needed to achieve the required degree of compaction. Due to this heavier compaction, more crushing will occur, which makes more rocks accessible to water and salt, promoting ravelling. In  table 6 large differences between the grading composition of tops and bottoms of the right lane are notable, which points to segregation. The acceptance control showed that the PA of the left lane had more deviations in grading. However, the PA of the right lane shows more segregation. Apparently segregation of bitumen, mortar and mastic in PA has more effect on initiation of ravelling than not meeting grading requirements. Concluding, in the A 6 section the ravelling can be attributed to the presence of too high an amount of weak rock materials in the aggregate. Test methods and requirements should be developed that can detect critical amounts of weak rock in this type of aggregate. The cause of the premature ravelling on the right-hand lane of the A 1 is due to a complex of factors, whereby one cannot state which factor was most decisive. Compared to the left-hand lane, the following factors had an effect on premature ravelling: 1) The greater spread in asphalt temperatures during the manufacturing and laying of the PA for the right-hand lane, as a result of which the PA was compacted excessively to obtain the required degree of compaction, this led to more crushing of the rocks, as a result of which the PA became more sensitive to ravelling; 2) Too low mixing temperatures resulted in poorer mixing of the PA; 3) Too high temperatures caused segregation of bitumen/mortar/mastic as a result of which the top of the PA became more sensitive to ravelling; 4) The mixture composition of the PA of the right-hand lane shows -as regards average composition and difference between the top and bottom half of the PA layer -a much greater spread than the PA of the left-hand lane; 5) In the right-hand lane a poorer quality of crushed rock was found than in the left-hand lane; 6) The fraction < 63 µm of the PA from the righthand lane contains a lower percentage of Ca(OH) 2 and 7) The bitumen of the right lane was more aged.
